Developmental dyslexia, characterized by dif®culty in reading, has been associated with phonological and orthographic processing de®cits. fMRI was performed on dyslexic and normal-reading children (8±12 years old) during phonological and orthographic tasks of rhyming and matching visually presented letter pairs. During letter rhyming, both normal and dyslexic reading children had activity in left frontal brain regions, whereas only normal-reading children had activity in left temporo-parietal cortex. During letter matching, normalreading children showed activity throughout extrastriate cortex, especially in occipito-parietal regions, whereas dyslexic children had little activity in extrastriate cortex during this task. These results indicate dyslexia may be characterized in childhood by disruptions in the neural bases of both phonological and orthographic processes important for reading. NeuroReport
INTRODUCTION
Developmental dyslexia is characterized by dif®culty in reading despite the motivation, instruction, intelligence, and sensory abilities required for adequate reading [1] . Converging behavioral evidence suggests that a core problem in dyslexia is a de®cit in phonological processing (the use of the sound structure of language), especially a disability in identifying and manipulating the sound structure of words (phonological awareness) [2, 3] . Phonological awareness is important for learning how to read. It develops at the age children are taught to read (about 6 years) [4] and co-varies with reading ability [5] . Children with dyslexia have decreased phonological awareness [6] .
Despite evidence for a neurobiological basis for the disorder [1] , the underlying cause(s) of dyslexia remain unknown. Functional neuroimaging allows for the visualization of brain dysfunction in poor readers. During phonological processing, dyslexic adults have demonstrated normal or hyper-normal activity in left hemisphere frontal lobe language regions, but hyponormal or absent activity in left temporo-parietal language regions [7±11] . Frontal and temporo-parietal regions show a functional [12] and/ or structural [13] disconnection in adult dyslexics. This atypical pattern of brain activation in dyslexic adults could re¯ect either a fundamental disruption of phonological processing or compensation for poor reading in adulthood.
If this disrupted neural response to phonological processing is fundamental (or even causal) to dyslexia, one would expect to see the same atypical pattern of activity in dyslexic children. To determine if dyslexic children have a disruption in the temporo-parietal response to phonological processing of visual letters, we performed whole brain fMRI on dyslexic and normal-reading children aged 8±12 years. Twenty-four dyslexic and 15 normal-reading children (Table 1 ) performed a phonological processing task in which each child was asked to press a button if the names of two visually presented letters rhymed with each other, e.g. D and T (Fig. 1a) . This task required phonological analysis of the letters' names, but was simple enough for children who were poor or beginning readers to perform. In a comparison task, the child pressed a button if two visually presented letters were the same, e.g. D and D. By comparing these two tasks, we determined which brain activity was due to the phonological demands of the rhyme task, rather than orthographic processing of letters or other task demands. To determine brain activity associated with the orthographic processing of single letter pairs, the simple letter matching task was compared with a nonlinguistic baseline task that required the child to press a button if two lines had the same orientation, e.g. / and /.
MATERIALS AND METHODS
Subjects: Subjects (Table 1) were physically healthy and free of neurological disease, head injury, and psychiatric disorder including AD(H)D, as tested by ADHD Rating Scale IV. All children had English as their ®rst language and, with their parents, were informed of their rights before participating. Stanford University Panel on Human Subjects in Medical Research approved all procedures. Dyslexic children had a documented history of reading dif®culty and were included in the dyslexic group if their age-adjusted score on the Woodcock-Johnson Reading Mastery 3rd ed. (AGS, Inc., Circle Pines, MN) Word Attack or Word Identi®cation subtest was , 85 (standard score 100, s.d. 15). Fourteen met more stringent criteria of , 85 on both subtests. Three children scored , 90 on 1 subtest, but had a score of , 85 on Grays Oral Reading Test (PRO-Ed, Inc., Austin TX) and/or the Phonological Awareness subtest of the Comprehensive Test of Phonological Processing (PRO-Ed, Inc., Austin, TX). fMRI procedure: Stimuli (Fig. 1a) were projected onto a screen located above the subject and viewed from a mirror above the head. Responses were collected during scanning with a hand-held ®ber-optic response button. In a single scan, subjects performed rhyme letters, match letters, and match lines. In rhyme letters, subjects viewed`rhyme?', saw two capital letters, and pushed a button if the names of the two letters rhymed with each other. In match letters, subjects viewed`same?', saw two capital letters, and pushed a button if the letters were the same. Ten letters were used (BCDFGJYWTVZ). Letters ending with a long 'e' sound had an equal chance of being paired with a rhyming or a non-rhyming letter. In match lines, subjects viewed`same?"'and pushed a button if two lines were the same. Three line orientations were used (|/\). Each block consisted of an instruction and ®ve stimuli pairs, with six blocks of each task, for a total of 4.5 min. Equal numbers of pairs were the same and different.
Whole-brain imaging data were acquired on a 3 T Signa LX (GE Medical Systems) using T2 Ã -sensitive gradient echo spiral pulse sequence [15] (1 interleave; TE 30 ms; TR 1.5 s;¯ip angle 908; ®eld of view 24 cm; 64 3 64 acquisition, temporal frames 180), 18 slices (6 mm), seventh slice at AC-PC. T1-weighted and a 3D-SPGR anatomical images were also acquired. Subjects' heads were immobilized with C-spine immobilization tools (HeadBedII, Cervical Immobilization Device, Laerdal Medical Corp., Wappingers Falls, NY) and a chin-strap.
Images were motion corrected using AIR 3.0 [16] . Rootmean-squared motion was estimated across all three directions and all time points. Estimated motion for 39 subjects was 0.35 mm, with no difference between groups (controls 0.36 mm, dyslexics 0.34 mm, p . 0.1). Images were smoothed with a Gaussian ®lter (FWHM 8 mm) and analyzed using SPM99 (Welcome Department of Cognitive Neurology). Single subjects were analyzed using a ®xed effect model on non-normalized data (high pass ®lter: 108 s, low pass ®lter (hrf), globally scaled). Data were best ®tted at every voxel using a linear combination of the effects of interest (multiple regression). Group analysis was performed with random effects model [17] using contrast images (one per subject, per contrast) normalized to the MN1305 stereotaxic space using tri-linear interpolation to 1 3 1 3 1 mm voxels using the parameters from the anatomical normalization. To avoid stripping of the outermost voxels, each`not a number' voxel (NaN) on the outer edge of each contrast image was changed to a zero value. This resulted, after normalization, in a normalized contrast image without missing voxels. One-sample t-tests were conducted separately for each group. The statistical threshold was set at p , 0.025 with a cluster size threshold of 20 voxels. Group data was also examined using values of p , 0.1 and no cluster size threshold to verify absence of activity in the dyslexic group. In left temporo-parietal cortex search volume was restricted and corrected cluster level p-values were assigned using a small volume correction [18] . The search volume was chosen using a sphere with a radius of 10 mm, centered at MNI coordinates À54, À64, 18, encompassing left hemisphere BA 39 as de®ned by the Talairach atlas and transformed into MNI coordinates. BA 39 was chosen based on a priori hypotheses regarding this region's involvement in phonological processing and its hypo-activation in adult dyslexia [7±11]. Individual subjects' non-normalized data were inspected visually to verify normalized group results. Two sample ttests were used to determine group differences. Statistical threshold was set at p , 0.001, with 20 voxel cluster threshold for two sample analyses. For region of interest analysis, scaled, normal contrast images were interrogated in a speci®ed sphere to extract parameter estimates from the multiple regression for each subject (effect size).
RESULTS
Behavioral results: Accuracy and reaction time during fMRI scanning were recorded for 15 control and 18 dyslexic children; the data from six dyslexic children were not recorded correctly (Fig. 1b) . Repeated measures ANO- . For both accuracy (left) and reaction time (right), rhyme letters is shown in gray, match letters in black, and match lines in white. All children were less accurate and slower for rhyme letters than the comparison conditions. Dyslexic children were less accurate than normal-reading children were for rhyme letters, but there was no accuracy difference between groups for either match letters or match lines. Dyslexic children were slower overall for all conditions, but were not disproportionately slower for rhyme letters (no signi®cant group 3 task interaction (F(2,62) 0.633, p 0.5). VA for accuracy revealed a main effect of task F(1,31) 7.77, p 0.009) and task (F(2,62) 204.4, p 0.0001) and no signi®cant group 3 task interaction (F(2,62) 0.633, p 0.5). All children took longer to answer the rhyme letters than the match letters or match lines questions, and the dyslexic children took longer to answer all questions (but not disproportionately longer to answer the rhyme letters questions).
fMRI results: For rhyme letters vs match letters, normalreading children showed activation in both frontal and temporo-parietal left hemisphere regions (left frontal: À59, À6, 13 (BA 44/6); left temporo-parietal: À55, À65, 16 (BA 39)). Other prominent activations included left superior frontal gyrus, bilateral pre and postcentral gyri, and left thalamus ( Fig. 2a; Table 2 ). Dyslexic children showed left hemisphere IFG/insula activation (À38, 27, 6; À39, 16, 9 (BA 44)), but failed to show activation in left temporoparietal cortex (Fig. 2b) . The dyslexic children also showed Fig. 2 . Rhyming letters vs matching letters in normal-reading and dyslexic children. (a) Normal-reading children's composite functional activity shown with full group (n 15) and IQ-matched group (n 13) overlaid on averaged anatomy, axial slice 14 mm above AC. Normal-reading children show activity in both left inferior frontal gyrus and temporo-parietal cortex during rhyming. Left temporo-parietal activity was located at coordinates: À55, À65, 16, with a cluster-level signi®cance of p 0.001 (small-volume corrected). (b) Dyslexic reading children's composite functional activity shown with full group (n 24), 14 mm above AC, and IQ-matched group (n 13), 10 mm above AC. Dyslexic children also show activity in left inferior frontal gyrus but fail to show left temporo-parietal activity. Far right shows renderings of all activations for both groups displayed on the right and left hemispheres. (c) Region of interest (ROI) analysis using left temporo-parietal for all (n 39) and IQ-matched subset (n 26). Effect size is on the vertical axis, group on the horizontal. Effect size is the weighted sum of parameter estimates from the multiple regression for each condition (compared with the baseline, match lines) for each group. Effect size for rhyme letters is shown in white and match letters in gray. Normal-reading children showed a signi®cant difference in effect size between rhyme letters and match letters ( p , 0.03), and dyslexic children had no difference between conditions ( p , 0.8). This group difference in effect size is evident in the full group of subjects (left) and in the IQ-matched subset (right). prominent activation in a number of bilateral regions including left and right superior frontal gyri, right IFG, right middle temporal gyri, bilateral pre and postcentral gyri, right inferior/middle occipital gyri, bilateral basal ganglia, and right vermis ( Fig. 2b ; Table 2 ). A functional region of interest (ROI) analysis was performed to probe the activity of both groups in the temporo-parietal region. An ROI (a 2144 mm 3 sphere centered at À55, À67, 15 to encompass the normal-reading children's activity during rhyme vs match letters) was used to interrogate each subject's normalized contrast images. Activity for both rhyme and match letters was compared with the match lines baseline for each individual (Fig. 2c) . Normal-reading children had more activity in this region during rhyme than match letters. Dyslexic children had no signi®cant difference in activity between rhyme and match letters and had less activity for both rhyme and match letters than for the match lines baseline.
Both groups had activity in the left IFG, but the activity was differently localized in the two groups. Normal-reading children had activation in a slightly more posterior part of the left IFG, whereas dyslexic children had activation throughout the insula and more anterior left IFG ( Fig. 2 ; Table 2 ). In left IFG, dyslexic children had a greater extent of activation (three clusters of activity, with a volume totaling . 3.8 ml) than normal-reading children (one cluster of activity with a volume , 0.7 ml; Table 2 ).
To determine whether the differences in activity in the temporo-parietal region were due to IQ difference between the two groups ( Table 1) , subsets of 13 children from each group were chosen to create IQ-matched groups ( Fig. 2 ; Table 2 ). The IQ-matched dyslexic children showed the same pattern as the larger group of dyslexics during rhyme letters, with activity in left IFG but not in left temporoparietal areas. The IQ-matched dyslexic children differed from the full group in only three loci: an absence of two right hemisphere activations and the addition of left cerebellar vermis activation. The left temporo-parietal ROI analysis showed the same lack of activation during rhyme letters in the IQ-matched dyslexic children as seen with the larger group (Fig. 2c) . Activation loci were identical in the full group and subgroup of normal-reading children. During match letters, compared with match lines, the normal-reading children had extensive occipital, extrastriate activity, whereas dyslexic children showed less activity throughout and much less activity in extrastriate regions (Table 3; Fig. 3 ). Direct comparison between the two groups revealed greater activity during match letters in the normal-reading children in four regions (Fig. 3c) . The largest was the left middle/superior occipital gyrus; other regions that differed were bilateral cingulate gyrus, right inferior temporal gyrus, and right precuneus. The only region that showed greater activity in the dyslexic children during match letters vs match lines was left lateral sulcus.
DISCUSSION
Phonological processing: Dyslexic children (8±12 years old) were selectively impaired for making phonological (rhyme) judgments, compared with children without reading disability. Further, rhyme judgment performance correlated with reading scores in the dyslexic children; this suggests that the rhyme judgment task invoked phonological processes important for reading. The dyslexic children also exhibited reduced left-hemisphere temporo-parietal brain activity during the rhyme task, which required phonological analysis. Indeed, an ROI analysis indicated that dyslexic children failed to activate this area at all above baseline. Furthermore, this de®cit appears to be speci®cally phonological, because visual processing of letters in the match letters task did not activate this area in either dyslexic or normal-reading children. In contrast, left frontal activation was evident in both dyslexic and control children making phonological judgments. Reduced left temporoparietal and preserved left frontal activation in dyslexic children parallel prior ®ndings in adult dyslexics [8±11]. The severe left temporo-parietal disruption in children may re¯ect a disruption that is fundamental to the initial development of a reading disorder. The absence of left temporo-parietal activation for phonological processing occurred whether or not the dyslexic and control children were matched for IQ. There has been considerable debate about the role of IQ in reading disorders and the importance of matching IQ scores in studies comparing dyslexic and normal readers [19, 20] . The central question has been whether phonological and other processing disorders that account for poor reading are dissociable from other abilities measured by IQ scores. The fact that the main results were not changed whether IQ was or was not matched suggests that IQ was unrelated to the phonological de®cit and lack of temporo-parietal activity. Prior behavioral studies have indicated that the phonological de®cit in dyslexia is unrelated to IQ [19] , and this is the ®rst imaging study to support this view. The full group of dyslexic children, however, had IQ scores in the normal range and it remains to be seen whether the neural basis of phonological dysfunction in dyslexia will remain constant at lower IQs.
In the current study, dyslexic children had a greater extent of activation in left IFG than normal-reading children did, and the two groups showed different locations of activation (with the normal-reading children showing more posterior activity than the dyslexic children). Studies of dyslexia in adults have had con¯icting results with regards to increased activity in left IFG in dyslexics relative to controls (increase [8, 11] ; no increase [9, 10] ). These adult studies however differ from each other in many ways (most notably, the inclusion of compensated or persistent dyslexics, the use of ROI or statistical parametric map analyses, and the use of different tasks). Further work is needed to determine whether the left inferior frontal response in dyslexic adults and children is or is not disrupted, but these ambiguities emphasize the consistency of the reduced activity in left temporo-parietal regions that had been shown across different paradigms, analysis techniques, and now, age groups.
One imaging study [21] performed in dyslexic adolescents (average age 14) reported a pattern of results that differed from the current ®ndings and the previously published adult results. Dyslexic adolescents had reduced left frontal activity relative to controls, and neither group exhibited temporo-parietal activity. This study differed in two major ways from the other studies. First, there was no overt behavioral task during scanning (i.e. no behavioral performance was measured); subjects silently read nonwords and silently performed a phonological transformation. Second, only limited brain regions were imaged (three slices between z À15 and 15 were acquired), so some temporo-parietal activity may have been outside the area of acquisition.
The two studies examining phonological processing in adults using a visual letter rhyme task have reported different ®ndings about temporo-parietal activation [9, 11, 22] . Paulesu [9, 22] found that holding letters in short term memory resulted in activation of left temporo-parietal (BA 40) cortex, but making a rhyme judgment on a single letter (rhymes with B) did not.
Paulesu suggested that the left temporo-parietal region constituted a phonological store required for phonological short-term memory, as opposed to left IFG, which was required for subvocal rehearsal. Shaywitz [11] , however, found that making a rhyme judgment on pairs of letters activated regions of interest in both angular (BA 39) and superior temporal gyrus (BA 22). Thus, the two studies that required the phonological comparison of two letters ( [11] and ours) yielded left temporo-parietal activation, whereas the study that required processing of a single letter did not. Perhaps the processing of two letters makes demands on phonological short-term memory and therefore activates left temporo-parietal cortex.
The normal-reading children's left frontal activity during phonological processing was located more posteriorly than usually observed in adults, straddling the far posterior edge of the IFG and including the tip of the precentral gyrus. The current study included only children and limits the inferences to comparisons to previously published adult studies. Future studies with both adults and children will needed to make direct comparisons of both normalreading and dyslexic adults and children.
Orthographic processing: An unanticipated and larger difference between dyslexic and normal-reading children involved orthographic processing of single letter pairs (match letters vs match lines) despite equal accuracy in the match letters task (and no disproportionate latency difference between the two tasks) for the two groups of children. Normal-reading children showed greater activity in a large extrastriate region when matching letters versus matching lines, which included bilateral (left greater than right) middle/superior occipital gyrus and superior parietal lobe. The dyslexic children did not show activity in the occipitalparietal area, and there was a signi®cant group difference in this region when the two groups were compared directly (Fig. 3 ) An fMRI study of orthography in adults [23] using consonant letter strings compared with false fonts reported bilateral (left greater than right) occipitoparietal activation (left dorsal pathway) for letter strings as well as a stronger bilateral (left greater than right) occipitotemporal (left ventral pathway) activation. Both groups of children (normal-reading and dyslexic) showed a weak activation of the ventral pathway, with normal-reading children having signi®cantly more activity than the dyslexic children in right occipito-temporal cortex.
These ®ndings indicate a large group difference between the dyslexic and normal-reading children in brain regions involved in single letter orthographic processing. Orthographic processing of whole words is fundamental to reading [3, 24, 25] , and studies have shown that knowledge about even single letters is a strong predictor of reading success [24, 25] . The present study demonstrates clearly that dyslexic children have reduced posterior activation in response to both phonological and orthographic processing of single letter pairs.
The dyslexic children in the present study, like dyslexic adults in prior studies, showed both impaired performance and an altered neural response during performance of a phonological task. Inevitably, the coupling of such behavioral and neural impairment raises the question of whether the altered neural response is the cause or the consequence of the phonological impairment. The discovery in this study that the altered neural response, especially the absence of temporo-parietal activation during phonological performance, is present in childhood favors the view that the neural response is causal rather than a compensatory response. Also, the altered neural response to orthographic processing cannot be explained by behavioral de®cits, because the dyslexic children had a normal level of accuracy and a normal relation between reaction times in the letter matching and baseline line matching tasks.
CONCLUSION
This is the ®rst functional brain imaging study relating brain activity to phonological and orthographic performance in dyslexic and control children. Dyslexic children had impaired performance on a phonological task that correlated with their reading scores and those children failed to exhibit the left temporo-parietal activation seen in normal-reading children during phonological processing. The dyslexic children also showed reduced extra-striate activity during an orthographic task. These ®ndings indicate that dyslexia in childhood, when children are trying to learn how to read, may be characterized by impaired neural responses in a temporo-parietal region that is important for phonological processing and in extra-striate occipital regions that are important for orthographic processing.
